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Introduction 25
Agricultural land use affects large parts of the world´s terrestrial area, and thus, assessing the 26 impact of farming practices on biodiversity and associated ecosystem services is fundamental 27 to reconcile the conflicting demands for wildlife conservation and increased agricultural 28 production globally (Norris, 2008; Paoletti et al., 1992) . Within agricultural landscapes, linear 29 semi-natural habitats of wild plants often define the edges of agricultural fields. These arable 30 field margins support a wide range of associated fauna, some of which may be pest species, 31 while many are beneficial, either as crop pollinators or as pest predators (Dennis and in arable land if these compounds transfer to off-crop areas. A very recent study found a 42 strong correlation between the extent of use of these compounds and the rates of decline in 43 farmland butterflies (Gilburn et al., 2015) , many of which feed and breed on uncropped edges 44 of arable fields (Feber et al., 1996) . The insecticidal activity of these compounds is caused by 45 their affinity to bind to nicotinic acetylcholine receptors (nAChRs), such that even low-dose 46 exposure over extended periods of time has detrimental effects on insects and other 47
invertebrates (Pisa et al., 2014) . Their solubility in water and potential for leaching and lateral 48 movement leads to contamination of field margin soils (Sánchez- propensity of individual species, genera, or types of plant to accumulation of pesticide residues 60 could not be determined. 61
Identifying which wild plant species tend to accumulate higher levels, and understanding the 62 factors involved in this process, may improve our ability to predict which non-target organisms 63 would be most likely to be at risk of neonicotinoid exposure through contaminated field 64 margin plants. Furthermore, studying the variable persistence and behaviour of these active 65 compounds in the different plant matrices (e.g. pollen and foliage) may help us understand 66 which organisms are most at risk and to what concentrations and mixtures of neonicotinoids 67 they would be more likely exposed depending on what part of the plant they feed on. The 68 majority of attention on neonicotinoid toxicity in recent years has been focused on the risks to 69 bees, which are exposed through nectar and pollen collected from plants, with very little 70 information available about the toxicity of neonicotinoids and levels of exposure for most non-71 target groups that live in farmland such as butterflies (Pisa et al., 2014) . 72
In this study, we compared levels of neonicotinoid residues in pollen and foliage of a seed-73 treated plant, oilseed rape, to further understand the relation between concentrations and 74 mixtures of neonicotinoid residues present in different matrices of an individual plant species. within each oilseed rape field were sampled for foliage and pollen, and sites were at least 100 110 m apart (Table S1 ). Whereas foliage samples were specifically collected and analysed for the 111 present study, oilseed rape pollen samples were analysed as part of a previous study where 7 112 oilseed fields were sampled (see Botías et al., 2015 
Foliage samples 168
Ten grams of each foliage sample were ground in liquid nitrogen to a fine powder with a pestle 169 and mortar followed by manual homogenisation using a micro-spatula. An aliquot of every 170 sample (1 g ± 0.1 g) was spiked with 1 ng of the deuterated pesticides in ACN and extracted 171 using the QuEChERS method. Organic solvents (3.5 ml of ACN and 1 ml of hexane) were first 172 added to the samples in order to increase the disruption of tissues. Subsequently, 2.5 ml water 173 was added and the samples were extracted by mixing on a multi axis rotator for 10 minutes. 174
Then, 1.25 g of magnesium sulphate: sodium acetate mix (4:1) was added to each tube in turn 175 with immediate shaking to disperse the salt and prevent clumping of the magnesium salt. After 176 centrifugation (13,000 RCF for 5 min), the upper layer of hexane was removed and the 177 supernatant was transferred into a clean Eppendorf tube containing 500 mg of Supel TM QuE 178 PSA/C18/ENVI-Carb and vortexed. The aqueous phase and salt pellet were extracted again 179 using 1 ml ACN and the supernatant combined with the previous ACN extract. The extract was 180 mixed with PSA/C18/ENVI-Carb on a multi axis rotator (10 min) and then centrifuged (10 min). 181
The supernatant was transferred into a glass tube, evaporated to dryness under vacuum, 182 reconstituted with 200 µl ACN:H 2 O (10:90) and spin filtered (0.
µm). 183
Pollen 184
The data on neonicotinoid residues detected in oilseed rape pollen from 5 of the 7 fields 185 studied in Botías et al. (2015) were used in the present study in order to establish a 186 comparison with the levels and mixtures of neonicotinoids detected in foliage collected from 187 the same plants. 188
UHPLC-MS/MS analyses 189
The UHPLC-MS/MS method described in Botías et al. Samples were analysed in a random order and QC samples (i.e. standards) were injected 206 during runs every 10 samples to check the sensitivity of the machine. Data were acquired using 207
MassLynx 4.1 and the quantification was carried out by calculating the response factor of 208 neonicotinoid compounds to their respective internal standards. Concentrations were 209 determined using a least-square linear regression analysis of the peak area ratio versus the 210 concentration ratio (native to deuterated). At least five point calibration curves (R 2 > 0.99) were 211 used to cover the range of concentrations observed in the different matrices for all 212 compounds, within the linear range of the instrument. Method detection and quantification 213 limits (MDL and MQL, respectively) were determined from spiked samples which had been 214 extracted using the QuEChERS method. Non-spiked samples were also prepared. MDLs were 215 determined as the minimum amount of analyte detected with a signal-to-noise ratio of 3 and 216
MQLs as the minimum amount of analyte detected with a signal-to-noise ratio of 10, after 217 accounting for any levels of analyte present in non-spiked samples (Table 1) . 218
Quality control 219
One blank workup sample (i.e. solvent without matrix) per batch of eleven samples was 220 included and injected on the UHPLC-MS/MS to ensure that no contamination occurred during 221 the sample preparation. Solvent samples were also injected between sample batches to 222 ensure that there was no carryover in the UHPLC system that might affect adjacent results in 223 analytical runs. Identities of detected neonicotinoids were confirmed by comparing ratio of 224 MRM transitions in samples and pure standards. Recovery experiments performed on spiked 225 foliage samples (1 ng/g dw, n=4 and 5 ng/g dw, n=4) gave absolute recovery values ranging 226 from 72 ± 15 to 115 ± 6% for the five pesticides (Table S3 ). The concentration of any pesticides 227 detected in unspiked samples was also determined and subtracted from the spiked 228 concentration to estimate the true recovery of the test chemical. 229
Statistical analysis 230
All statistical analyses were carried out using SPSS 21 software. Non-parametric Mann-Whitney 231 U-tests were used to compare the concentrations of neonicotinoids present in foliage vs. 232 pollen collected from OSR flowers, foliage from OSR plants vs. foliage from wild plants, foliage 233 from wild herbaceous vs. woody plants, and finally wild annual vs. non-annuals plants 234
(perennials and biennials). When comparisons were performed in the latter group, biennials 235 and perennials were considered as one single group since both plant types overwinter at least 236 once and were thus potentially exposed to multiple neonicotinoid treatments applied in the 237 same fields. To perform the statistical analyses, all concentrations that were over the limits of 238 detection (≥MDL) but below the limits of quantification (<MQL) were assigned the value 239 considered as the MDL in each case (Table 1) . Concentrations below the MDL were considered 240 to be zero. 241
Spearman's rank correlation was used to assess the relationship among levels of 242 neonicotinoids in pollen and foliage collected from the same sites in the OSR fields. 243 TMX,  247 the seed dressing applied), at an average concentration of 1.04 ± 0.88 ng/g (mean ± SD; 248 median = 1.04). Clothianidin (CLO), the major metabolite of thiamethoxam, and used in the 249 seed dressing in the previous year in all the five studied fields, was also present in all the 250 foliage samples, being at higher mean concentrations than thiamethoxam (2.92 ± 2.08 ng/g; 251 median = 2.09; U (28) = 36, Z = -3.18, P = 0.001 (Table S1) , with the concentrations in both matrices showing a 266 positive correlation (Spearman rank's correlation, r S (13) = 0.61, P = 0.016) (Figure 1 ), i.e plants 267
with more thiamethoxam in their leaves tended to have more in their pollen. However, the 268 levels of thiamethoxam detected in pollen (mean ± SD: 3.5 ± 2.5 ng/g) were three fold higher 269 than in foliage (U(28) = 31, Z = -3.4, P = 0.001) (Figure 2 ). Clothianidin was also present in all 270 pollen samples, but in this case, levels (1.9 ± 2.4 ng/g) were significantly lower than in foliage 271 (U(28) = 57, Z = -2.3, P = 0.021), and no correlation was found between concentrations 272 detected in both matrices for this compound (r S (13) = 0.27, P = 0.33). To our knowledge, this is 273 the first study comparing levels of thiamethoxam and clothianidin in foliage and pollen from 274 the same plants. A previous study also found differences in the average concentrations for 275 imidacloprid in different tissues of maize seed-treated plants, with higher average levels 276 detected in foliage (6.6 ng/g) than in pollen (2.1 ng/g) (Bonmatin et al. neonicotinoid residues in 52% of the foliage samples collected from wild plants growing in OSR 317 field margins (N = 100) (Table 1) , with an average total concentration of 10 ± 22 ng/g. The 318 maximum levels for thiamethoxam were 106 ng/g in a sample of Cirsium vulgare, 11 ng/g for 319 clothianidin in Rubus fruticosus (field 2, margin 1) ( Table S2c ) and 26 ng/g for imidacloprid in 320
Cirsium vulgare (field 4, margin 1) ( Table S2d ). These concentrations of total neonicotinoid 321 residues in wild plants were significantly higher than in the OSR foliage (4.2 ± 3.1 ng/g) (M-W 322 test: U(113) = 470, Z = -2.42, P = 0.016). However, the median values of total neonicotinoids 323 were higher in OSR foliage (3.30 ng/g) than in wild plants (0.10 ng/g) due to highly variable 324 quantities of residues in the 45 wild plant species evaluated, ranging between non-detectable 325 levels to more than 106 ng/g (Tables S2a-S2e). According to conclusions by the European Food 326
Safety Authority (EFSA, 2013), the predicted percentage of thiamethoxam deposition in off-327 field vegetation would be 2.7 % of the rate applied to the seed-treated oilseed rape crop (0.91 328 g a.s./ha in our studied fields, i.e. 2.7 % of 33.6 g a.s./ha). However, as reported above, some 329 off-field plants showed concentrations that would exceed the predicted contamination due to 330 deposition, as they were in some cases higher than the levels detected in the seed-treated 331 plants, suggesting an additional route of contamination apart from dust drift (e.g. run-off from 332 the crop to the field margin soil). 333
Thiamethoxam was the most frequently detected residue (35% of the samples) in field margin 334 plants, and was detected at higher average concentrations in long-lived plants (perennials-335 biennials: 9.5 ± 24 ng/g) than in annuals (7 ± 13 ng/g), although statistical comparisons failed 336 to show statistical significance for this difference (M-W test: U(98) = 901.5, Z = -1.619, P = 337 0.106). Acetamiprid, which had not been used before in the studied farms, was present in 1% of the 371 foliage samples (Table 1) . As with thiacloprid, the origin of these residues requires 372 investigation. 373
Potential effects of neonicotinoids on non-target insects 374
The hazard quotient (HQ) approach was used to put the maximal concentrations detected in 375 the wild plants from field margins, which represent the worst- Our data clearly show that non-target insects living in field margins are likely to be chronically 437 exposed to highly variable concentrations of neonicotinoids, often in mixtures. These 438 concentrations are typically below the lethal concentrations of these pesticides, but there 439 remains cause for concern. The toxicity studies upon which these calculations are based are 440
short-term exposure (1 to 7 days), yet these insects are likely exposed throughout their lives. 441 This is of particular concern as it has been reported that neonicotinoids, like many other 442 toxicants, increase their toxicity when exposure is extended in time, so that much lower should also be considered in risk assessment test. Our HQ calculations are based on studies in 451 which insects were exposed to a single pesticide, yet we found that up to three neonicotinoids 452 (i.e. thiamethoxam, clothianidin and imidacloprid) can be detected in foliage from a single 453 plant (46.3 % of the foliage samples with residues had detectable levels of two or more 454 neonicotinoids). 455
In summary, our results show that a proportion of the seed-applied neonicotinoid does not 456 come into contact with the target pests, but instead is dispersed into the surrounding area. 457
Concentrations in plant tissues and sap between 5 and 10 ppb are generally regarded as 458 sufficient to provide protection against pest insects (Goulson, 2013), and as shown by our 459 results, the levels detected in foliage of field margin plants are very variable but can often 460 exceed this threshold, at times overlapping with LC 50 values reported for some non-target 461 insects. The widespread presence of these compounds in field margin wild plants raises 462 concerns over the potential effects of exposure for non-target wildlife living in these habitats, 463 which are often managed for biodiversity through agri-environmental schemes (Pywell et 
